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Abstract—The societal benefits of understanding climate change
through the identification of global carbon dioxide sources and
sinks led to the recommendation for NASA’s Active Sensing of Car-
bon Dioxide Emissions over Nights, Days, and Seasons space-based
mission for global carbon dioxide measurements. For more than 15
years, the NASA Langley Research Center has developed several
carbon dioxide active remote sensors using the differential ab-
sorption lidar technique operating at 2-µm wavelength. Recently,
an airborne double-pulsed integrated path differential absorption
lidar was developed, tested, and validated for atmospheric car-
bon dioxide measurement. Results indicated 1.02% column car-
bon dioxide measurement uncertainty and 0.28% bias over the
ocean. Currently, this technology is progressing toward triple-pulse
operation targeting both atmospheric carbon dioxide and water
vapor—the dominant interfering molecule on carbon dioxide re-
mote sensing. Measurements from the double-pulse lidar and the
advancement of the triple-pulse lidar development are presented.
In addition, measurement simulations with a space-based IPDA
lidar, incorporating new technologies, are also presented to assess
feasibility of carbon dioxide measurements from space.
Index Terms—Active remote sensing, carbon dioxide (CO2 ), in-
tegrated path differential absorption (IPDA) lidar, space sensor,
water vapor.
I. INTRODUCTION
THE lack of spatially extensive, high-accuracy atmosphericcarbon dioxide (CO2) data limits the ability to construct
accurate inverse estimates of the sources and sinks of the gas.
NASA’s Active Sensing of Carbon dioxide Emissions over
Nights, Days, and Seasons study advocated an active remote
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sensing mission to provide critical global CO2 measurements
[1]. Due to technology limitations, airborne fully range-resolved
differential absorption lidar (DIAL) measurements of CO2 are
beyond near-term capability. In the absence of such capability
airborne column dry-air volume mixing ratio of CO2 , XCO2,
measurements weighted toward the boundary layer (BL) are
ideal for studying CO2 sources and sinks [1]–[3]. The same mea-
surements weighted toward free troposphere would benefit CO2
transport studies. Measurements of XCO2 could be achieved
using the integrated path differential absorption (IPDA) lidar
technique, which relies on much stronger hard target return sig-
nals rather than weak atmospheric scattering [4]. Relying on
stronger signals relaxes the technology requirements for IPDA
versus DIAL in terms of transmitted laser energy and/or de-
tection sensitivity. As an initial step toward a space-based CO2
active remote sensor, an airborne IPDA provides an excellent
complement to the temporally rich but spatially sparse CO2 in
situ measurement network. In addition, XCO2 data from an air-
borne IPDA can be used to evaluate the ability of GOSAT and
OCO-2 to detect spatial variability in lower tropospheric CO2 .
Simultaneous measurement of column dry-air volume mixing
ratio of water vapor (H2O), XH2O, enables the study of coupled
carbon and water cycles [4]–[6].
For more than 20 years, researchers at NASA Langley Re-
search Center (LaRC) have developed several high-energy and
high repetition rate 2-μm pulsed lasers and other critical compo-
nents for CO2 active remote sensing applications [7]. The 2-μm
wavelength was targeted due to the existence of ideally suited
absorption features of CO2 at this region that can be pursued
with achievable transmitter technology [4], [7]. As an outcome
of these developments, an airborne double-pulse 2-μm IPDA
lidar was demonstrated for CO2 measurements at LaRC. Field
experiments were conducted using this instrument on-board the
NASA B-200 aircraft to test and evaluate the CO2 measurement
capabilities [8]–[10]. Currently, the same team is engaged in
enhancing such technology by developing a higher repetition
rate, triple-pulsed 2-μm direct detection IPDA lidar to measure
both XCO2 and XH2O from an airborne platform [4], [11]–[14].
The unique capability of such development allows measuring
the two most dominant greenhouse gases, simultaneously and
independently, using a single instrument [4].
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The 2-μm triple-pulse laser technology development and
recent advancements in HgCdTe (MCT) electron-initiated
avalanche photodiode (e-APD) detection systems, demonstrated
by NASA Goddard Space Flight Center (GSFC) [15], [16], en-
able scaling the IPDA lidar technique for global scale CO2
measurements from space. Modeling of this scaling capability
was conducted to demonstrate the feasibility of CO2 measure-
ment from space and to evaluate the associated random and
systematic errors [17]. The development of space-based IPDA
lidar will enable sustained high-quality XCO2 measurements.
These measurements are required to improve estimates of re-
gional and global scale sources and sinks and to attribute them to
specific biogeochemical processes to improve carbon–climate
interactions models and reduce uncertainties in projecting future
change. A review of the 2-μm pulsed IPDA lidar technique, re-
cent demonstrations, and current technology developments are
presented in this paper. Scaling the technique for future space-
based XCO2 measurements is also discussed.
II. TWO-MICRON PULSED IPDA LIDAR TECHNIQUE
The IPDA lidar remote sensing technique relies on the hard
target lidar equation, in which the received power, P (in watts)
is given by
P (λ) = ηr · ϕr · A
(RA −RG )2
· E
t
· ρ
π
· exp [−τ (λ)] (1)
for a nadir airborne platform at a fixed altitude RA with ground
surface (target) at an elevation RG above sea level, where (RA −
RG ) is the measurement column length RC . In this equation, ηr
is the receiver optical efficiency, ϕr is the overlap function, A
is the receiver telescope area, E is the transmitted laser energy,
t is the effective width of the return pulse, ρ is the surface
reflectivity, and τ is the double-path integrated optical depth
defined at the transmitted laser wavelength λ.
The main product of an IPDA lidar is the double-path differ-
ential optical depth Δτ , where (1) is applied for, at least, two
pulses (double-pulse IPDA) at two different wavelengths that
distinguish the molecular absorption, namely the online and of-
fline, λon and λoﬀ , respectively. Solving for the double-path
differential optical depth yields
Δτ (λon , λoﬀ ) = ln
[
t (λoﬀ ) · P (λoﬀ ) /E (λoﬀ )
t (λon) · P (λon) /E (λon)
]
. (2)
The pulses are separated by a short time interval, during which
the atmosphere and the target footprint are almost unchanged.
The wavelengths of the pulses are tuned to monitor CO2 using
the relative return strength between weak and strong absorp-
tions. The double-path differential optical depth is converted to
XCO2 by normalization to the integrated weighting function,
according to
XCO2 = Δτ (λon , λoﬀ ) /
∫ RA
RG
WF(λon , λoﬀ ) (3)
where the weighting function WF is given by
WF(λon , λoﬀ ) = Δσ (λon , λoﬀ , r) ·Ndry (r) (4)
Fig. 1. Absorption cross-section spectra of CO2 and H2 O, σcd and σw v ,
respectively, at ground (0 km) and midaltitude aircraft level (8 km). Metrolog-
ical profiles used in these calculations were obtained from the US Standard
atmospheric model. Vertical lines mark the triple-pulse IPDA lidar operating
wavelengths for independent CO2 and H2 O measurements.
Fig. 2. H2 O and CO2 pressure based normalized weighting functions versus
altitude at selected spectral positions shown in Fig. 1. The wavelengths λ1 , λ2 ,
and λ3 are set to 2050.5094, 2051.0590, and 2051.1915 nm for the triple pulse
IPDA lidar. λ2 is optimized for near-surface CO2 measurement. Tuning λ2 67
and 75 pm away from the selected location optimizes the IPDA measurement
to within the BL or lower troposphere.
where Δσ = σon − σoﬀ is the differential absorption cross sec-
tion, and Ndry is the dry air number density, defined as a function
of the range r [4], [8].
The 2-μm-wavelength region offers many suitable absorp-
tion features for CO2 , with H2O being the highest interfering
molecule. The R30 CO2 line, located at 2050.9670 nm, provides
an attractive absorption cross-section profile with unique char-
acteristics that include low temperature sensitivity and lower
H2O interference [18], [19]. This is indicated in Fig. 1, in which
the composite absorption spectra for CO2 and H2O at two
different altitudes are compared. The spectra were derived using
the HITRAN 2012 database for line parameters neighboring
the R30 line, assuming Voigt line profile [4]. Typically, offline
wavelength is set to a minimum absorption acting as a reference,
whereas the online wavelength selection, relative to the R30 line
center, defines the measurement weighting to a certain altitude,
as indicated in Fig. 2. For example, online wavelength tuning
to 2051.0590 nm optimizes CO2 measurement near the surface.
Shifting this wavelength by 67 or 75 pm tunes the weighting
function to optimize the measurements for the BL or the
lower troposphere. This online tuning feature at a fixed offline
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Fig. 3. 2-μm double-pulse IPDA receiver system and its updates to the
triple-pulse IPDA receiver. The receiver consists of a telescope, aft-optics with
high-signal InGaAs channel. A low-signal e-APD channel was added in the
triple-pulse IPDA. The e-APD channel is coupled through an optical fiber using
additional aft-optics.
wavelength of 2051.1915 nm results in a unique adaptive
targeting capability, where the IPDA operating wavelength can
be tuned and locked to achieve certain measurement objectives
[16].
III. DOUBLE-PULSE IPDA EVALUATION
As an initial step toward validating the 2-μm IPDA technique
and developing global CO2 measurement capability, LaRC inte-
grated an airborne double-pulsed, 2-μm IPDA lidar instrument
[8]–[10]. The transmitter for this system is based on the 2-μm
double-pulse Ho:Tm:YLF laser crystal technology. A single
pump pulse produces two Q-switched laser pulses at the 2-μm
wavelength that are separated by 200 μs. The wavelength of
these pulses can be tuned and locked separately in the 2.05-μm
wavelength region. The first pulse is tuned and locked to an
online wavelength with an offset of 1–6 GHz, with 1 GHz steps,
relative to the CO2 R30 line center. The second pulse is locked
to an offline wavelength (2051.2500 nm) at low CO2 absorp-
tion. The pump laser repetition rate is 10 Hz, and the total 2-μm
output energy is about 140 mJ. Q-switch timing controls the
splitting of this energy between the transmitted on- and offline
pulses. Online pulse energy was set to a higher value, of 90 mJ,
compared to the offline, at 45 mJ, to accommodate higher CO2
absorption loss through the sensing column. An energy moni-
tor was calibrated and integrated inside the laser enclosure to
record the individual transmitted pulse energy [10]. The output
transmitted laser beam is expanded to a 21.4-mm diameter to
limit the divergence to 150 μrad, compatible with the telescope
field-of-view, and to ensure eye-safety 400 m away from the
instrument. Applying this 2-μm double-pulse laser as an IPDA
lidar transmitter enhances the precision of XCO2 measurement
by increasing the overlap of the sampled volume and mitigating
the effect of the surface reflection differences between the on-
and offline pulses.
The pulsed nature of the IPDA transmitter aids in de-
termining the precise ranging to the surface for instrument
model validation and XCO2 mixing ratio determination, as
indicated in (3). The double-pulse IPDA receiver, shown
schematically in Fig. 3, consists of a 0.4-m-diameter Newto-
nian telescope. The telescope primary is a custom-designed
aluminum hyperbolic mirror to minimize aberration effects and
focuses the return radiation to a 300-μm-diameter spot size. The
secondary is a flat dichroic mirror coated only to reflect 2-μm
wavelength while transmitting other wavelengths. This reduces
background radiation while eliminating the need for an optical
bandpass filter in the receiver aft-optics. The backside of the sec-
ondary is used to transmit the laser pulses coaxially with the tele-
scope. The return radiation is reimaged on two detectors using
two-channel aft-optics. Field-imaging aft-optics were used to re-
duce the effect of beam steering jitter on the collected radiation.
300-μm-diameter extended range InGaAs pin photodiodes were
selected for both detection channels. A direct detection tech-
nique was used for both channels, which is simpler to implement
and reduces speckle noise effects. The two detectors accommo-
date high and low signal channels after 90/10% beam splitting.
Each detector is coupled to a digitizer, in the data acquisition
unit, through variable-gain, high-speed transimpedance ampli-
fiers (TIA). Similar to the transmitted laser energy monitor, the
detection bandwidth is limited to 10 MHz by the TIA for the dif-
ferent gain settings. The data acquisition unit digitizes and stores
the IPDA lidar signals and energy records using two digitizers.
The double-pulse IPDA lidar was operated on-board the
NASA B-200 aircraft at LaRC. Flights were conducted over
land and ocean under different atmospheric and surface condi-
tions during March–April 2014. Engineering flights were ini-
tially conducted for operational testing and defining instrument
optimum settings at different altitudes. The IPDA was tested
in off-off-line mode by setting the online at the offline spectral
position to evaluate instrument systematic errors. This resulted
in a consistent systematic error of 0.0769 in the CO2 differential
optical depth measurements [8].
A. Differential Optical Depth Measurements
The CO2 differential optical depth measurements obtained
using the double-pulse IPDA were validated by comparison
to model-derived airborne in situ measurements. One valida-
tion experiment was conducted over the ocean in conjunction
with airborne in situ flask air-sampling measurements oper-
ated by NOAA’s Earth System Research Laboratory at different
altitudes on a separate aircraft [8]. During this validation, the
IPDA was operated almost continuously with online set to 3 and
4 GHz away from the R30 line center. Another validation ex-
periment was conducted over land vegetation using an on-board
in situ infrared gas analyzer. In all experiments, meteorological
profiles were obtained through on-board aircraft sensors and
balloon sondes lunched from LaRC.
Fig. 4 shows a comparison between double-pulse IPDA and
in situ derived CO2 differential optical depth measurements over
land and ocean. CO2 differential optical depth altitude profiles
obtained from the IPDA agree well with models. An observed
offset is consistent with the bias observed through off-off-line
testing. The IPDA bias trend shows higher values at higher
altitudes and vice versa. Careful investigations attribute this
bias to nonlinearity in the detection system in addition to some
H2O interference [8]. Table I presents the comparison of single-
shot CO2 differential optical depth measurements to models at
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Fig. 4. Comparison between IPDA CO2 differential optical depth measure-
ments over land and model derived from in situ and sonde measurements (top).
Similar comparison between IPDA measurements over ocean and NOAA air-
sampling derived result as reported in [8] (bottom).
TABLE I
SINGLE-SHOT OPTICAL DEPTH MEASUREMENTS AND MODELS COMPARISONS
Δτ
Model
Δτ
Measured a
Condition b
1.0213 c 1.0818 ± 0.0895 6.1 km over ocean at 4 GHz
1.0890 c 1.1240 ± 0.1069 3.1 km over ocean at 3 GHz
1.2088 d 1.2778 ± 0.0515 3.4 km over land at 3 GHz
0.2560 d 0.2862 ± 0.0867 0.6 km over land at 3 GHz
aMean and standard deviation statistics from single-shot double-pulse
IPDA CO2 double-path differential optical depth measurements.
bIncludes flight altitude, surface condition, and online offset from the
CO2 R30 line center.
cModeled using NOAA airborne air-sampling in situ data.
dModeled using on-board calibrated in situ sensor (LiCor LI-840A).
selected operating conditions. A statistical analysis of the IPDA
data over ocean indicated CO2 differential optical depth mea-
surement uncertainty of 0.0918, which compares well with the
predicted value of 0.0761. With a 10-s shot average, CO2 dif-
ferential optical depth measurement of 1.0054 ± 0.0103 was
retrieved from 6-km flight altitude and 4-GHz online operation.
As compared to modeled XCO2 of 404.08 ppm, derived from air
sampling, IPDA measurement resulted in a value of 405.22 ±
4.15 ppm with 1.02% uncertainty and 0.28% bias [8]. With the
TABLE II
IPDA RANGE MEASUREMENT STATISTICS
RA
(m)
RG
(m)
RC
(m)
δRC
a
(m)
Condition
0 0 859.1 0.9 Ground, horizontal
6125.6 0 6153.3 2.8 Over ocean
3394.1 30.2 3366.0 6.8 Over land
aStandard deviation of the IPDA column length measurements as compared
to the laser line-of-sight calculations.
same time averaging and 3-GHz online operation, differential
optical depth measurement of 1.2778 ± 0.0515 was retrieved
from 3.4-km flight altitude over vegetation during a separate
flight. Lower IPDA CO2 differential optical depth measurement
uncertainty is observed over land, compared to ocean, is at-
tributed to higher surface reflectivity of vegetation as compared
to ocean surface. For both surfaces, lower uncertainty is ob-
served at higher altitude due to increased sensing column length
and the domination of the detection system noise over signal-
dependent shot noise at higher flight altitudes. The double-pulse
IPDA results demonstrate the validity of the technique for mea-
suring atmospheric CO2 . The results also address possible H2O
interference on CO2 measurement contributing to the bias and
the advantages of operation from higher altitude platforms.
B. Range Measurements
Ranging is a byproduct of the IPDA pulsed operation, which is
critical for determining the integration limit of (3) and accurate
instrument modeling. The IPDA column length measurement
RC can be obtained by converting the time delay between the
transmitted pulse emission and the reflected pulse of the target
using the speed of light. For the double-pulse IPDA, near-filed
residual scattering off the platform window resulted in good
estimates to the laser pulse emission time. Table II summa-
rizes the IPDA ranging statistics at the main operating condi-
tions that include ground testing and airborne validation over
land and ocean. In this analysis, ranging was obtained from the
higher energy and shorter online IPDA pulses [8]–[10]. IPDA
ground range measurements were verified by range-finder set
to measure the distance between the IPDA operating trailer and
calibrated hard target boards [10]. IPDA airborne ranging was
verified by comparing laser line-of-sight data that were derived
using navigation maps for ground elevation and GPS aircraft
flight altitude and bow and roll angle records [8 ]. A statistical
analysis indicated IPDA ranging uncertainty of 0.9 m. Higher
ranging uncertainty, of 2.8 m, is observed over ocean and is
attributed to surface waves. The highest uncertainty, of 6.8 m,
is observed over land vegetation due to variability in ground
elevation and canopy height. The range resolution achieved ex-
ceeds CO2 space-based active remote sensing requirement of
3 m [1]–[3].
IV. TRIPLE-PULSE IPDA TECHNOLOGY DEVELOPMENT
Based on knowledge gathered through the double-pulse
IPDA testing and evaluation, a 2-μm triple-pulse IPDA lidar is
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currently under development at LaRC. The main objective of the
new development is to address H2O influence on CO2 measure-
ments. This influence arises in several ways. First, the interfer-
ence of H2O in the measurement of CO2 , as indicated in Fig. 1.
Uncertainty in the knowledge of H2O results in increased mea-
surement errors of CO2 . Second, the presence of H2O causes
significant broadening of CO2 lines, which depends upon the
atmospheric amount of H2O [17]–[20]. Third, according to (4),
knowledge of the amount of H2O is required to obtain Ndry for
deriving XCO2. These effects directly influence the derivation
of XCO2 through the IPDA and should be included in error es-
timates [17]. To address these issues, the triple-pulse IPDA is
designed to measure both atmospheric CO2 and H2O simulta-
neously and independently [4]. To achieve that, the IPDA op-
erating wavelengths are carefully selected, as demonstrated in
Fig. 1. The CO2 on- and offline wavelengths are selected around
the R30 line, so that both would have similar H2O absorption
to minimize water vapor interference on CO2 measurements.
Similarly, H2O on- and offline wavelengths are selected around
the nearest H2O absorption peak such that CO2 interference is
minimized in the H2O measurement. However, both CO2 on-
line and H2O offline measurements are at the same wavelength,
which enables simultaneous measurement of both molecules
with three pulses rather than four pulses almost independently
while avoiding interference from each other [4]. This IPDA en-
hancement technique sets stringent technology requirements for
both instrument transmitter and receiver systems. Specifically,
triple-pulse laser, wavelength control, and detection system de-
velopments are critical to achieve this objective.
A. Triple-Pulse Laser Transmitter
The triple-pulse laser transmitter is also based on Ho:Tm:YLF
crystal technology. In this case, the crystal is end pumped using
792 nm AlGaAs laser diode arrays. The external pumping tar-
gets the thulium (Tm), which transfer the stored energy to the
holmium (Ho) relying on the excitation lifetime difference. Rel-
ative to the pump pulse, Q-switch triggers produce up to three
successive laser pulses with relatively controlled energies and
pulse widths. In Fig. 5, the total generated output laser energies
at 2-μm wavelength for single, double, and triple-pulse opera-
tion modes versus the pump laser energy are compared. For the
same pump energy, higher extracted 2-μm energy is observed
by increasing the number of the output Q-switched pulses. This
indicates higher optical-to-optical efficiency of the triple-pulse
laser as compared to double- and single-pulse operation modes.
In addition, extracting higher optical energy reduces the heat
loss in the host crystal and, thus, relaxes cooling requirement
resulting in higher electrical-to-optical efficiency of the laser. A
thermal analysis was conducted to design proper heat dissipa-
tion out of the laser crystal to avoid performance deterioration
or permanent damage.
Fig. 6 shows a single-shot pulse record generated from the os-
cillator consisting of three 2-μm pulses relative to the Q-switch
trigger. The three pulses are separated by 200 μs. This pattern
is repeated at 50 Hz, which is higher than the double-pulse
transmitter, to meet space-based requirement. Energy splitting
Fig. 5. Total 2-μm output pulse energy versus pump laser energy for the IPDA
transmitter operating in single-, double-, and triple-pulse modes. Data presented
for 50 Hz repetition rate and 2.5 ms long pump pulse.
Fig. 6. Oscilloscope record for successful triple-pulse operation of the 2-μm
IPDA transmitter. The record shows the profiles of the three pulses obtained
using InGaAs energy monitor (yellow) relative to the Q-switch triggers (red)
between the pulses is controlled by the Q-switch timing and
is inversely proportional to the individual pulse width. The ex-
act wavelengths of each of the three pulses are controlled by a
wavelength control unit.
B. Wavelength Control
The exact wavelengths of the pulsed laser transmitter are
controlled by the wavelength control unit, which provides the
required seeding for each of generated pulses. A study indicated
that ±1 MHz online wavelength jitter is the dominant transmit-
ter systematic error source using this triple-pulse IPDA lidar
for CO2 measurements [4]. This drives the need for a precise
wavelength locking mechanism to reduce such error. The design
of this unique wavelength control uses a single semiconductor
laser diode, obtained from NASA Jet Propulsion Laboratory
(JPL) [21], and provides three different seeds of any frequency
setting within 35 GHz offset from the locked CO2 R30 line cen-
ter reference [14]. This unit includes several electronic, optical,
and electrooptic components that were acquired and character-
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Fig. 7. Optical spectrum analyzer scans for the reference wavelength locking
to the CO2 R30 line (top) and the different generated seeding wavelengths for
the triple-pulse IPDA transmitter. Vertical lines mark the center line reference
(blue), 6 GHz (yellow), 16 GHz (purple), and 32 GHz (orange) spectral positions.
Lines are broadened due to the analyzer resolution.
ized at LaRC. A laser diode driver results in a wavelength jitter
of ±6.1 MHz, which is significantly reduced to ±650.1 kHz
using a center line locking controller. This meets the jitter limit
objective [14]. The wavelength controller is synchronized with
the Q-switch trigger pulses to switch the wavelength at the out-
put providing a different wavelength seed for each pulse within
the 200 μs. Fig. 7 shows spectral scans for the seeding wave-
lengths as compared to the locked wavelength at CO2 R30 line
center. As shown in Fig. 1, these wavelengths are 2050.5094,
2051.0590, and 2051.1915 nm corresponding to 32, 6, and 16
GHz frequency offsets from line center. Proper filtering is in-
cluded to eliminate harmonics from the generated wavelengths
to maintain high spectral purity at the pulsed laser output.
C. Receiver and Detection System
Similar to the double-pulse IPDA, the 2-μm triple-pulse IPDA
lidar receiver, shown schematically in Fig. 7, consists of a 0.4-m
Newtonian telescope that focuses the radiation onto 300-μm-
diameter spot. The focused radiation is collimated, then applied
to a 90/10 beam splitter. The 90% signal channel is an exact
replica of the successfully demonstrated double-pulsed IPDA
lidar using an extended range InGaAs pin photodiode detec-
tion system. The 10% channel is used with an advanced MCT
e-APD detection system. These recently developed e-APD de-
vices are space qualifiable and were validated for airborne lidar
operation at 1.6 μm at GSFC for both CO2 and methane (CH4)
remote sensing [15], [16]. In coordination with NASA Earth Sci-
ence Technology Office (ESTO), LaRC collaborated with GSFC
for integrating an e-APD detection system into the triple-pulse
2-μm IPDA lidar.
The MCT e-APD is sensitive to infrared radiation up to
4 μm. Therefore, a cold narrow bandpass filter is integrated
to limit background radiation. The e-APD comes in 4 × 4 pixel
format (80 × 80 μm2 pixel area) with readout electronics that
enable access to each pixel through individual TIA. An output
summing amplifier produces the sum of specific number of pix-
els as selected by the operator. The detector is integrated inside
a vacuum chamber, which allows cooling the device with cry-
ocooler down to 77 K to reduce dark current and noise. The
e-APD chamber and readout electronics are integrated inside
a rack mountable, flight hardened chassis. Additional custom
designed aft-optics allows focusing the radiation only onto 2 ×
2 pixels. The e-APD custom aft-optics is coupled to the IPDA
aft-optics through a 2-μm optical fiber, as shown in Fig. 7. This
e-APD exhibits less than 0.5 fW/Hz1/2 noise-equivalent-power
(NEP) per pixel and is expected to enhance the 2-μm IPDA de-
tection performance by expanding the detection dynamic range
and reducing random errors. The development of this e-APD
and the high-energy triple-pulse laser advances the IPDA lidar
technology for future space applications [15]–[17].
V. SPACE-BASE CO2 MEASUREMENT SIMULATIONS
As a special mode of operation, the triple-pulse IPDA targets
both CO2 and H2O measurements, based on the selected wave-
lengths presented in Fig. 1. Focusing only on CO2 , where H2O
information can be assessed independently, the same instru-
ment can be tuned to measure CO2 with two different weight-
ing functions simultaneously. This requires modification to the
wavelength control by arbitrary tuning the seeding to any po-
sition relative to the R30 line center for adaptive targeting. For
example, in space-based applications, adaptive targeting can
be conducted by tuning the online wavelength to meet a cer-
tain measurement objective depending on observational time
and location. Adaptive targeting was demonstrated using the
double-pulse IPDA, where the online was varied between 3 and
4 GHz, as indicated in Fig. 3(a). With the same instrument, an-
other demonstration of the technique was conducted to perform
off-off-line testing, in which the online wavelength was tuned
to exactly match the offline. Although off-off-line tests might
overestimate instrument random errors, it can be applied to char-
acterize biases [8]. Since the outcome of this test is precisely
known (zero optical depth), it is recommended that this be con-
ducted as an IPDA lidar calibration resource for the different
operating conditions [17].
Adaptive targeting capability of the 2-μm CO2 triple-pulse
IPDA allows simultaneous measurement of CO2 using two dif-
ferent weighting functions. For example, weighting function
selection by tuning the online wavelength, as shown in Fig. 2,
allows measuring CO2 concentration near the surface for study-
ing source and sink interactions. With the same offline, the
third pulse can be tuned to a different weighting function that
is optimized for free tropospheric measurement. These can be
achieved simultaneously for studying both CO2 sources and
sinks exchange and flux transport [17].
The characteristics of the new triple-pulse laser under devel-
opment meets or exceeds most of the transmitter requirements
for space-borne CO2 measurement, as indicated in Table III
[3]. The unique triple-pulse capability has additional advan-
tages. Having one laser delivering, near simultaneously, three
pulses at different frequencies eliminate the complexity and
need of three different lasers. This is a significant step toward
reducing mass, size, and power consumption of the instrument,
while increasing the efficiency. The triple pulsing eliminates the
challenge and complexity in coaligning and bore-sighting three
independent beams. This would be a valuable tool for a space
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TABLE III
IPDA TRANSMITTER STATUS COMPARISON
Technology Previously
Demonstrated
Current
Development
Space
Requirement
Transmitter Single laser Single laser Double
lasers
Technique Double pulse Triple pulse Single pulse
Cooling Liquid Conductive –
Wavelength
Pulse energy 100/50 mJ 50/15/5 mJ 40 & 5 mJ
Repetition rate 10 Hz 50 Hz 50 Hz
Power 1.3 W 3.5 W 2.25 W
Pulse width 200/350 ns 30/60/100 ns 50 ns
Pulse delay 200 μs 200 μs 250 μs
Pulse spectral width 2.2 MHz 7 MHz 60 MHz
Optical efficiency 4.0% 5.0% 5.0%
Wall plug efficiency 1.4% 2.1% >2.0%
Fig. 8. Online surface return power detected by the IPDA from space and
the corresponding total noise equivalent power using 50 and 15 mJ transmitted
energies variation with online wavelength (top). Return power and noise are
used to estimate online SNR variations with online wavelength (bottom).
mission. To demonstrate the triple-pulse IPDA capability, in-
strument model was applied to simulate the feasibility of CO2
measurement capability and to evaluate random and systematic
errors for space-based application [8], [17].
A. Simulation Results
The IPDA space-based performance was estimated by up-
dating the instrument model and sensitivity analysis [4], [17].
IPDA return signal power, total NEP, and signal-to-noise ratio
(SNR) are shown in Fig. 8 as a function of the operating online
wavelength, and assuming a fixed offline wavelength at 2051.
1915 nm. The calculation assumes 400 km platform altitude,
10 s integration time, US standard atmospheric model, and
Fig. 9. Atmospheric and laser transmitter errors and total systematic error
estimation versus online wavelength for CO2 measurement using the 2-μm
IPDA lidar operating from space. These errors are independent of the transmitted
laser energy or the IPDA detection performance [17].
Railroad Valley reference surface condition with 0.51 reflec-
tivity. The highest pair of transmitted energies (50 and 15 mJ)
is assigned to online to account for the absorption loss in the
column measurement. Offline transmitted energy is set to either
15 mJ or 5 mJ, which result in 185.55 or 37.11 nW return power,
and 0.81 or 0.37 nW total NEP. The corresponding offline SNRs
are 229 and 101. Online wavelength selection close to R30 line
center results in lower return power with total noise dominated
by fixed background and electronic noise. Away from line center,
online return power increases with shot-noise dominating total
NEP and resulting in enhanced SNR. High-energy and low de-
tection noise combination allows short-time measurement over
low reflectivity regions, such as snow covered regions and ocean
surface [17].
B. Sensitivity Analysis and Measurement Errors
Analysis of both random errors, associated with IPDA de-
tection system, and systematic errors, from atmospheric and
instrument biases, was estimated. Residual systematic errors in
CO2 measurement arising due to uncertainties in the knowledge
of atmospheric and IPDA instrument capabilities are shown
in Fig. 9. The estimated CO2 differential optical depth error
from atmospheric effects includes uncertainties in temperature
(0.5 °C), pressure (100 Pa), relative humidity (10%), and H2O
interference. A normally distributed random perturbation was
used to simulate the variability of these fields to evaluate the
systematic error. The figure presents the averages of 500 simu-
lations equivalent to the number of shots obtained in 10 s using
50 Hz repetition rate. CO2 differential optical depth bias errors
resulting from the IPDA transmitter uncertainties, including on-
and offline laser position jitters (±650 kHz) and laser spectral
profiles (±7.35 MHz), were also estimated [17].
Random errors for the combination of 50, 15, and 5 mJ on- and
offline energies and the total (random + systematic) errors are
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Fig. 10. Random errors variation with online wavelength obtained using dif-
ferent on and offline transmitted energy combinations. Total error for CO2
measurement using the 2-μm IPDA lidar, operating from space, is obtained by
adding random and total systematic errors [17].
shown in Fig. 10. Measurements with two weighting functions,
at 50 Hz each, with the triple pulse system can be accomplished
using two onlines and a common offline. The near optimum
total random error for each pair is <0.12% (<0.5 ppm), and
the residual systematic error is <0.07% (0.3 ppm). Adaptive
targeting can optimize the measurements by tuning the online
wavelengths based upon ground target scenarios, environment,
and science objectives. With 10 MHz detection bandwidth, sur-
face ranging with an uncertainty of <3 m can be achieved as
demonstrated from earlier airborne flights using the double-
pulse IPDA.
VI. CONCLUSION
Space-based active remote sensing of global CO2 is required
to better understand the carbon cycle and climate change. The
societal benefits of this knowledge resulted in many recom-
mendations, from different space agencies including NASA, to
propose such mission. The IPDA lidar technique is a strong can-
didate for achieving these objectives by filling the missing gaps
in global CO2 data. IPDA operating at the 2-μm wavelength
includes several advantages that cover both the technique and
technology. Several CO2 absorption features exist at 2 μm that
are ideally suited for the IPDA technique and achievable with
current available technology.
A 2-μm high-energy double-pulse IPDA lidar was developed
at NASA LaRC. This direct detection instrument was validated
for active remote sensing of atmospheric CO2 over ocean and
land. As an upgrade, a 2-μm triple-pulse IPDA lidar instrument
is being developed by the same group. This novel active remote
sensing IPDA instrument targets and measures both atmospheric
CO2 and H2O. Wavelength selection and laser transmitter
operation allows measuring both species independently and si-
multaneously. This would be the first demonstration of measur-
ing two different atmospheric molecules with a single instru-
ment using the IPDA technique. The instrument design is based
on knowledge gathered through the previously successful 2-μm
double-pulse IPDA demonstration. Critical enhancements were
implemented in the new triple-pulse laser transmitter design,
wavelength control and detection system that advance the IPDA
technology. For the transmitter, modifications include higher to-
tal output power and 50 Hz triple-pulse operation of the laser.
For the wavelength control, precise wavelength tuning and lock-
ing provide the required seeding, at three different wavelengths,
using a single source. In the receiver, updates include the addi-
tion of a high-performance e-APD detection system. The e-APD
detector supplied by NASA GSFC is a state-of-art, space quali-
fiable device that was validated for lidar applications.
Combining both the 2-μm triple-pulse transmitters with this
new detection system in a single instrument results in enabling
the CO2 IPDA lidar technologies for space. Space-based sim-
ulations indicated the feasibility of such measurement with
sufficient precision and accuracy that match or exceed recom-
mendations from different studies. The triple-pulse IPDA lidar
will further mature both the technique and technology for such
a mission.
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